-b) Variation of the numbers of cylinders . As expected, the higher the number of cylinders considered, the greater the multiple-diffraction attenuation obtained. The influence of the variation of the parameter is more significant at negative angles of incidence, where a greater difference is observed between and (maximum difference of 8.5 dB) than between and (maximum difference of 4 dB). -c) Variation of the distance between the transmitter and the series of cylinders . As mentioned in the previous section, because parameter was considered from 0.02 m to 0.02 m when , and from 0.01 m to 0.01 m for , the incident angle had the same maximum value of 5.2 (and for ) for the two considered values of the distance between the transmitter and the cylinders. However, the curves corresponding to the different values of , when assuming the same , and polarization, are not identical, due to the fact that although the same range of angles of incidence is evaluated, the wave front is considered to be spherical and therefore, the attenuation obtained in every case is different because the distance covered by the wave is not the same. Thus, there exists more attenuation at a given negative angle of incidence for (a maximum difference of 1.37 dB for , , , and hard/vertical polarization), but the opposite occurs for positive values of , where the value shows more losses due to multiple diffraction (a maximum difference of 3.29 dB for , , , and hard/vertical polarization).
-d) Variation of the type of polarization.
The influence of the type of polarization is more relevant at negative angles of incidence, where the soft/horizontal polarization results show a greater attenuation with respect to the hard/vertical polarization case (up to 7 dB of difference).
V. CONCLUSIONS
A UTD-PO solution for the analysis of multiple-cylinder diffraction has been validated through measurements performed at 60 GHz. A parametric study has been carried out both theoretically and experimentally in which the influence of: the number of cylinders, the radius of curvature, the distance from the transmitter to the array of rounded surfaces, and the polarization has been analyzed. The solid agreement found between the predicted and measured results (with a Mean Error ranging from 0.12 to 0.71 dB) shows that the UTD-PO theoretical formulation can be applied for radiowave propagation studies when multiple-diffraction over cylindrical surfaces has to be taken into account. 
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Characterization of Implemented Algorithm for MIMO Spatial Multiplexing in Reverberation Chamber
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Abstract-Previously, the throughput for a single-input multiple-output (SIMO) system was successfully tested in a reverberation chamber (RC), and the results were in good agreement with a model based on the ideal threshold receiver. In the present communication, we measure the throughput of a 2 2 open loop multiple-input multiple-output (MIMO) system with full spatial multiplexing (i.e., two data streams), and we compare the results with an extended throughput model taking the spatial multiplexing into account. The measured throughput is found to be in agreement with the simulated one of a simple zero-forcing (ZF) receiver. The throughput degradations due to correlation and power imbalance (caused by different embedded radiation efficiencies of antennas) are studied and referred to as a throughput multiplexing efficiency. These can, to a large extent, be explained by the ZF algorithm. The results show clearly that the rich isotropic multipath (RIMP) environment generated by an RC can be used to study how effective different MIMO algorithms are when there is correlation and efficiency imbalance between the antenna elements.
Index Terms-Multiple-input multiple-output (MIMO), reverberation chamber, rich isotropic multipath, throughput.
I. INTRODUCTION
Reverberation chambers (RCs) have been successfully used in various over-the-air (OTA) [1] - [7] tests of wireless devices due to its rich isotropic multipath (RIMP) characteristics [8] . The RC can be used to measure bit error rate (BER) of a communication system [1] , [2] as well as the radiated power and the receiver sensitivity of mobile terminals 0018-926X/$31.00 © 2013 IEEE [3] . Very recently, the RC has been used to measure the throughput of a WLNA (wireless local network) system [5] and a LTE (long term revolution) system [6] . A throughput model was developed in [6] that could be used to predict the measured throughput with the absolute value of the required power level in the order of fractions of one dB. Nevertheless, the work in [6] was limited to a single-input multiple-output (SIMO) LTE system. Namely, the model in [6] takes the antenna diversity and the orthogonal frequency division multiplexing (OFDM) into account, but not the spatial multiplexing, which is probably the most important feature of a MIMO system. In this communication, we extend the throughput model to a multiinput multiple-output (MIMO) system, accounting for both OFDM and spatial multiplexing. The MIMO throughput was previously studied in [7] with a model that accurately predicted the conductive measurements, but not correctly accounting for multiplexing algorithms in the fading case. In the present communication we try to understand the effects power imbalance and correlation on throughput by using a zeroforcing (ZF) receiver. A multiplexing efficiency is used to describe the degradations due to power imbalance and correlation.
II. THROUGHPUT MODEL
The goal of modeling the throughput of a MIMO system is to complement the RC measurements and to provide insight into the OTA testing of LTE devices. A throughput model for a MIMO-OFDM system was presented in [10] . However, the model in [10] can only be used to predict uncoded BER performances and the advanced error-correcting code in the LTE system is not included in the model. A simple way to include the advanced coding of a LTE system is to use the threshold receiver model [6] . The threshold model works for systems with advanced coding. We assume that the threshold receiver ideally can correct for bit errors so that the package error rate, or group error rate (GER) [6] , jumps from 100% to 0% at a certain threshold of the received power. Mathematically, the GER of an ideal threshold receiver in an AWGN 1 channel can be expressed as (1) where is the received power in the AWGN channel, is the threshold value. It has been shown in [6] that, in the RIMP environment of a well-stirred RC, the throughput of the threshold receiver becomes (2) where is the maximum achievable throughput, stands for complementary cumulative distribution function (CDF), and is the average received power in the fading environment. Note that we define the relative throughput as , and we will use this hereafter. Interestingly, the threshold receiver model can be justified by the outage theorems [11] . It has been proved in [11] that with powerful hybrid-automatic-repeat-request coding the GER in a fading environment can be well approximated by the outage probability of the fading channel.
Based on (2), the throughput in a fading environment can be readily calculated once the CDF of the received power is known. The absolute power calibration is done using the threshold power level (that can be measured conductively) and the average power transfer function in the RC. In [6] , the receiver in a SIMO LTE system was modeled by using the maximum ratio combining (MRC) algorithm. In the present work, we deal with the more advanced spatial multiplexing case. In order to use the throughput model (2), we need to calculate the CDF Fig. 1 . Diagram of a 2 2 MIMO system with a ZF receiver and two equalpower data streams.
of the power corresponding to each of the two streams by decoupling the 2 2 MIMO channel matrix. Depending on the availability of the channel state information (CSI), the MIMO decoupling can take different forms. Provided the CSI is known at both transmitter and receiver sides, the MIMO channel decoupling can be easily done via singular value decomposition (i.e., by beamforming each of the data streams to a distinct eigenmode of the MIMO channel) [9] . In practice, the receiver can learn the channel e.g., via a training sequence. However, due to finite coherence time of the fading channel and the feedback overhead, CSI is often unknown to the transmitter. In this case, the MIMO channel decoupling can be achieved at the expanse of a higher complexity at the receiver. In this work, we assume a zero-forcing (ZF) receiver [9] and a transmitter with full spatial multiplexing (see Fig. 1 ), which is in agreement with the open-loop configuration of the measurement.
For each OFDM subcarrier (i.e., a frequency tone corresponding to the discrete Fourier transform of the OFDM symbol), the MIMO channel is assumed to be flat, 2 i.e., (3) where is the MIMO channel at the subcarrier frequency, and are the transmitted and received signal vectors, respectively, and is the noise vector with independent identically distributed (i.i.d.) unite variance Gaussian elements. Note that we for notational convenience do not use any index for the subcarrier in the flat channel model (3) . Let now be the th column of and be the th element of , where (with the number of transmit antennas denoted as ). Then, (3) can be rewritten as (4) The first term in the right side of (4) corresponds to the th (intended) stream, and the second term represents the interference with respect to the th stream caused by all the other streams. A ZF receiver projects the th stream into the subspace orthogonal to the one spanned by . Then, also following [9] , the power (that is equal in value to the signal-to-noise ratio due to the unit variance noise assumption) of the th stream becomes (5) where the superscript stands for conjugate transpose, and denotes the th diagonal entry of the matrix . By now, we can use (5) to decouple the MIMO channel and to calculate the power corresponding to each stream.
Note that we assumed a flat channel (3) over each OFDM subcarrier. Therefore, we adopt the same method as in [6] in order to take into account the OFDM effect: We coherently combine the different independent subcarriers and divide the power by the number of independent subcarriers. 
III. SIMULATION
Using the MIMO throughput model developed in the previous section, we can study the MIMO antenna effects (i.e., correlation and power imbalance) on the throughput in a RIMP environment. For simplicity we focus on the receive antenna effect in this communication. The MIMO channel including the overall antenna effect can be express as [12] (6) where denotes the spatially white MIMO channel with i.i.d. complex Gaussian elements, is the Hermitian square root of , which is (7) where with denoting a vector consisting the embedded radiation efficiencies at each port of the MIMO antenna, the superscript is the transpose operator, is the element-wise (i.e., the operation is performed on each of the elements) square root, denotes element-wise product, and the correlation matrix consists of the complex correlation coefficients at the MIMO antenna.
For the simulation, we assume a 2 2 MIMO system as in the measured case, where the transmit antennas are ideal (in the sense that they have unity embedded radiation efficiency and no correlation) and the receive antennas have different embedded radiation efficiencies and nonzero correlation.
We generate a 2 2 i.i.d. Gaussian matrix with 100000 realizations and introduce power imbalance and correlation to the MIMO channel via (6) . We apply ZF equalization at the receiver to decouple the channel, and determine the CDFs and thereafter the throughput using (2) . The calculated MIMO throughputs for some different MIMO antenna cases are shown in Fig. 2. For comparison, 
IV. MEASUREMENT
The throughput measurement setup is shown in Fig. 3 . We used the Bluetest RTS60 RC for the measurement. Note that the actual mode stirrers used are two metal plates (moving along two different walls inside the RC) with sizes of 97 40 and 88 30 , respectively (see [13, Sec. II] ). A commercial communication test instrument with spatial multiplexing capability was used as the base station. The MIMO receiver under test is a commercial LTE USB dongle with external radio frequency (RF) ports for OTA tests. The USB dongle was located in a separate shielded box outside the RC. It is connected with two discone antennas (via RF cables) that are located inside the RC. The measurements were conducted for downlink communications in an open loop configuration (i.e., the base station has no CSI).
The two discone antennas were orthogonally placed with sufficient separation in the chamber, so that the antennas are uncorrelated. We performed measurements for several power imbalances by introducing different attenuators on one of the antenna ports. The dongle's built-in antennas are not connected once the external RF ports are used. In order to create the random fading environment, the mode stirrers (see e.g., [13] ) were continuously moving during the measurement. It is known that the Doppler spread affects the orthogonality of the OFDM subcarrier channels, and therefore degrades the throughput. Due to mechanical reasons, the stirring speed in the used RC is limited to 0.2 m/s. This stirring speed results in a negligible Doppler spread, and therefore little effects on the measured throughput. As a result, the measurements correspond to slow fading (e.g., indoor) environments. It is also known that the coherence bandwidth directly affects the number of independent OFDM subcarrier channels. A smaller coherence bandwidth results in a steeper slope of the measured throughput (up to a limit where delay spread equals the length of the cyclic prefix of the OFDM symbols [9] ). During the measurement, the RC was loaded to achieve a RMS delay spread of 90 ns (corresponding to 3-MHz coherence bandwidth) [14] , [15] . This specific loading was chosen because it is close to that of a typical indoor environment [1] (where 80-ns delay spread was chosen). Measurements were performed on the LTE band 7, i.e., channel 3100 (2655 MHz), with a bandwidth of 10 MHz. The OTA testing system was set to a fixed modulation of 64 QAM with a maximum rate of 40 Mbps. The OFDM partitions the wideband channel into subcarrier channels, some of which may fade independently depending on the coherence bandwidth of the channel. The number of independent subcarrier channels can be approximated by dividing the system bandwidth (10 MHz) by the coherence bandwidth (3 MHz). However, it can be seen from the definition of the coherence bandwidth, e.g., [14] , that two subchannels with a separation larger (but not much larger) than 3 MHz still may have a nonzero correlation. Thus the actual number of independent subcarrier channels (or the frequency diversity order) will be smaller. It is shown in [6] for the same RC loading that 2-order frequency diversity is sufficiently to model the OFDM for this measurement setup.
To study the power imbalance effect on the MIMO throughput, the same measurement procedure is repeated with the receive antennas connected with different attenuators. Fig. 4 shows the throughputs in conductive setting (i.e., the transmitter and receiver are connected via RF cables, obtaining an AWGN channel) for different antenna attenuations (i.e., 3 dB, 6 dB, 10 dB, and 20 dB). We see that there are clear threshold transitions in the throughput measurements (cf. Section II). These conductive measurements further validate the threshold receiver model (1) . Fig. 5 shows the relative throughputs for the same set of attenuations when measured in the RC with moving stirrers and modeled using the presented throughput model. Note that in both Figs. 4 and 5, means that the corresponding antenna is without any attenuator, means that the corresponding antenna is connected to a 10 dB attenuator, etc. Also note that the throughputs in both Figs. 4 and 5 are normalized to the sum of the maximum throughputs of both streams (i.e., 24 Mbps). It can be seen from Fig. 5 that the proposed MIMO throughput model can be used to predict the measurement well and that a power imbalance results in a degradation, which we refer to as a spatial multiplexing efficiency. The latter observation is rather intuitive. In order to achieve the spatial multiplexing, the receiver needs Fig. 6 . Throughput multiplexing efficiencies of a 2 2 MIMO system with OFDM and ZF receiver at 10%, 50%, and 95% threshold levels, respectively (see solid curves). The dotted curve is an approximating multiplexing efficiency due to power imbalance [7] and correlation . The measured ones are shown as * for 3-, 6-, 10-, and 20-dB power imbalances. Note that since the measured multiplexing efficiency is about the same at all the threshold levels (see Fig. 4 ) the measured ones are averaged over the three threshold levels.
to detect both streams; and the detection threshold relies on the branch that has the lower receive power.
The effects of correlation and power imbalance are also shown separately in the two graphs in Fig. 6 as a throughput multiplexing efficiency [16] , i.e., the degradation compared to the throughput with the same power level on both ports and no correlation between them. We see that a correlation coefficient of 0.9 has almost the same effect on the multiplexing efficiency as a port imbalance of 10 dB. In addition to the simulated multiplexing efficiency as a function of power imbalance and correlation, respectively, the corresponding approximated multiplexing efficiencies, and , are also plotted in the same figure. It shows that the approximated multiplexing efficiencies agree well for the simulated ones at a high throughput level.
V. CONCLUSION
We have extended the SIMO throughput model presented in [6] to the MIMO case with spatial multiplexing. A simple ZF receiver has been implemented in the model and turns out to explain the measured throughput performance very well. The ZF receiver has the smallest spatial diversity among all the open loop MIMO receivers [9] . As a result, we observe that the modeled throughputs have smaller slope than the measured ones, meaning that a more advanced receiver is probably implemented in the USB dongle under test. Nevertheless, there are still reasonable agreements between the modeled and measured throughputs. In addition, using the presented throughput model, we have studied the effects of power imbalance and correlation on the throughput. These are characterized in terms of a spatial multiplexing efficiency, showing 7-dB degradation for a power imbalance of 10 dB and a correlation magnitude of 0.9 at the 95% throughput level, respectively. The effects of power imbalance and correlations seem to be independent, so that the combined effect of 10-dB power imbalance and a 0.9 correlation is a multiplexing efficiency reduction of 14 dB at the same throughput level. The intuitive explanation is that in order to achieve full spatial multiplexing the receiver needs to receive more power so that all the streams can be detected by the threshold receiver. We have shown that throughput measurements in a RIMP environment are useful to quantify the performances of MIMO antenna as well as implemented signal-processing algorithms in the device under test.
